In electric power systems, not all fault conditions remain unchanged during faults. An evolving fault has one characteristic initially and changes to a different condition subsequently. Locating evolving faults is challenging due to the change in fault type shortly after the fault initiation. This paper presents a new approach for estimating the locations of evolving faults on transmission lines. By using sparse wide area voltage measurements, this method is able to accurately locate evolving faults without requiring measurements from either end of the faulted line. There is no need to detect whether a fault is an evolving fault or not. Fault type information is not a necessity either, and the change of fault phases does not affect the estimation accuracy. In addition, the algorithm is applicable to both single-circuit and double-circuit lines, and the transmission lines can be either transposed or untransposed. Distributed parameter line model is adopted to fully consider the shunt capacitances of the transmission lines. Electromagnetic Transient Program (EMTP) is employed to simulate transmission system, and quite accurate results have been achieved.
Introduction
Electric power transmission systems occasionally suffer from various short-circuit faults along transmission lines. Precise and fast fault location can facilitate maintenance, and reduce the outage time and accelerate power system restoration [1, 2] . Numerous algorithms have been developed in the past to estimate fault location in the transmission system [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [14] [15] [16] . Most of the existing fault location algorithms assume the fault types are stationary over fault periods.
An evolving fault is defined as a fault where the phases involved change over time [17] . For example, an evolving fault begins as a single line-to-ground fault, and could become a line-to-line-to-ground fault after a few power frequency cycles [18, 19] . Evolving faults may happen when the object causing a single line-toground fault touches conductor(s) of additional phase or phases [19] .
There have been several articles discussing evolving faults in transmission grid [20] [21] [22] [23] [24] . In [20] , a few evolving faults recorded by transmission line relays are presented. It is learned from these practical experiences that evolving faults can delay distance element tripping which may result in longer duration of existence of faults. The authors of [21] use the ratio of zero sequence fault current over negative sequence fault current as the criterion to detect evolving faults. Due to evolving fault's changing nature, fault classification is not easy. In [22] , the impact of evolving fault on the fault phase selector is analysed, and it is shown that various factors such as fault position and fault resistance could cause incorrect phase selection. The authors of [23] use artificial neural networks (ANN) to select fault phase of evolving faults. Locating evolving faults is less studied compared with stationary faults, and this paper for the first time puts forwards a wide-area evolving fault location method. Reference [19] presents a time-domain method to locate evolving faults in distribution systems This method requires accurate fault classification that is a demanding task itself. Incorrect fault classification would yield erroneous estimation of where the fault happens. In [24] , a method based on ANN is designed to locate evolving faults on transmission lines without knowing fault type information, where the network is trained under a variety of possible fault conditions. A method based on wide area measurements for locating faults is provided in [25] . This paper will further develop this approach to deal with evolving faults.
In order to obviate the dependency on fault classification and find the fault location by using analytical approach, this paper proposes a new fault location algorithm for evolving faults. Changing fault phases would impose little impact on the estimation result. There is no need to detect whether a fault is an evolving fault or not. This method is also immune to fault resistance. In other words, even both the fault phase and fault resistance are not constant, accurate fault location can still be computed. This algorithm is applicable to both single-circuit and double-circuit lines, and is able to deal with both transposed and untransposed cases. Another feature of this method is that it utilizes sparse wide area measurements that do not have to be captured from the ends of the faulted line. Distributed line parameter model is adopted in order to accurately model the line distance transmission line. In practical applications, sparse wide area measurements can be obtained from recording devices installed across the system such as phasor measurement units, digital fault recorders, etc [26, 27] . These measurements are transferred to a central office, based on which the proposed fault location method can be applied to estimate the fault location.
The rest of the paper is organized as follows. Section 2 introduces more backgrounds of evolving faults, including characteristics and causes, and describes the proposed wide-are location method. Evaluation of the proposed algorithm is presented in Section 3. The simulated power system and obtained data are exhibited. In Section 4, the conclusions are drawn.
Proposed fault location algorithm

Characteristic of evolving faults
Evolving faults are faults where the phases involved change over time [17, 24] . The characteristic of an evolving fault is that its faulted phases change over time, while other types of faults' faulted phases remain unchanged. Whether a fault can be referred to as an evolving fault depends on its faulted phase(s), rather than other fault conditions such as fault resistance. For example, a fault with time-dependent fault resistance is not an evolving fault if its faulted phases do not change.
In overhead systems, an evolving fault may happen when a tree limb first touches one, then two or all three phases in succession, making the fault changes from single line-to-ground fault to double line-to-ground fault [20, 24] . For example, an evolving fault may begin as an AG fault, and changes to ABG fault after a few power cycles. The sample plots of fault voltage and current during an example evolving fault are shown in Figure 1 (a) and Figure 1 (b) , respectively. The fault initially occurs at as a single line-to-ground fault in phase A, and evolves to a double line-to-ground fault between phases A and B within around four cycles. Typically, the location of the fault would not change during the evolving fault [21] . Evolving faults occur less often than commonly occurring shunt faults. However, in post-fault power networks, evolving faults can easily happen since the systems are under abnormal conditions [19, 21] . 
Derivation of fault location
The method to be presented is based on bus impedance matrix concept [25] , and is intended to locate evolving faults on transmission lines. The following part of this section will first discuss the derivation of faulted network's bus impedance matrix, then express the fault current and voltage in terms of fault location, and finally determine the fault location. Figure 2 presents a section of a power transmission system between buses p and q, where the remaining part of the system is not shown. Bus r is added as the fault bus. The following notations are adopted. is the total number of nodes in the entire transmission system without the fault nodes. 1 , 2 , 3 , 1 , 2 , and 3 are the nodes of the sample transmission line. The nodes of the fictitious fault bus are represented by 1 , 2 , and 3 , where 1 = + 1, 2 = + 2, 3 = + 3. The per-unit fault distance from bus p to the fault bus r is denoted as . 0 0 0 is the bus impedance matrix of the pre-fault network in phase domain, while is the bus impedance matrix of the during fault network in the phase domain. The element in the kth row and lth column of is written as . and represent the sample line's per unit length impedance matrix and admittance matrix, respectively. The prefault network's bus impedance 0 0 0 can be readily developed. The first rows and first columns of are identical with 0 . The other part of includes the driving point impedances of faulted nodes, the transfer impedances between a faulted node and a non-fault node, and the transfer impedances between a fault node and another fault node. These impedances will be derived in the following paragraphs.
Based on the general analysis of multi-phase system, the equivalent Pi circuit parameters of the line between p and r can be derived as functions of m [28] :
where is the eigenvector of ;
[.] returns a square diagonal matrix with the elements of input vector on its diagonal; "./" stands for element-wise division; is a vector composed of which is the square root of the jth eigenvalue of ; = 1, 2, 3 for single-circuit lines, and = 1, 2, ..., 6 for double-circuit lines.
It is noted that the parameters derived are phase domain matrices, and thus are applicable to untransposed lines. Similarly, the equivalent Pi circuit parameters for the line between q and r can also be derived as functions of m.
Assume k is a measurable non-fault bus in the system, which includes nodes 1 , 2 , and 3 . The transfer impedance between the node , = 1, 2, 3 and the fault nodes can be obtained as
The driving point impedances and the transfer impedances related to the fault nodes are
where is a three by three identity matrix, whose ith column is denoted by . It is seen from eqs (3) and (4) that and are both functions of the unknown fault distance m, and are independent of the fault resistance and the fault type.
The fault current is calculated based on the following equation
where Δ is the superimposed voltage at bus k.
The prefault voltages at the fault bus, 0 0 0 , can be estimated based on the prefault network conditions. Therefore, the during-fault voltage at the fault bus, , is obtained as
Based on and , the reactive power consumed by the fault resistance can be computed as
where Imag {.} returns the imaginary part of its argument, and (.) * denotes the complex conjugate. It can be observed that m is the only unknown variable in eq. (7). Since the fault resistance only consumes real power, eq. (7) should equal to zero. The fault location m can then be solved by the Newton-Raphson technique.
This approach is applicable when measurements from one bus are available. When measurements from two buses are available, an alternative method is derived in the following subsection.
Cases when measurements from two buses are available
A two-bus algorithm can be implemented when measurements from two buses are available. Suppose voltage measurements are available from non-fault buses and ′ , and the measurements are synchronised. It can be derived that
Equation (8) only includes one unknown variable, m. Thus, the fault location can be derived.
If the measurements at bus and ′ are not synchronised, by equalling the magnitudes of the fault current derived based on the two sets of measurements, the fault location can still be obtained. The fault current calculated based on measurements from bus is −( ) −1 ( Δ ), and the value based on measurements from bus
where |.| returns magnitude of its argument. The fault location can be obtained by solving eq. (9).
Cases when the faulted line is a double-circuit line
When the faulted line is a double-circuit line, a fictitious bus r containing six nodes are added to the network. Bus r is at the assumed fault location. The equivalent Pi circuit line parameters can be calculated following eqs (1)- (2). It is noted that 1 , 1 , 2 , 2 are six by six matrices in the case of double-circuit line. The transfer impedances between nodes on bus k and the faulted nodes can be derived as
The transfer impedances and the driving point impedances related to the faulted nodes are expressed as
where and can be calculated based on eq. (10), and is a six by six identity matrix whose ith column is denoted as .
The prefault voltage at bus r is
The during-fault voltage at bus r and the fault current are calculated following eqs (6) and (5). The fault location can then be solved based on eq. (7). When measurements from two buses are available, eq. (8) can be adopted to derive the fault location.
Evaluation studies
The presented fault-location algorithm has been validated by using the Electromagnetic Transients Program (EMTP) simulation data of faults in a 27-bus, 345-kV, 60 Hz transmission system. The diagram of the studied system is shown in Figure 3 [25] . The bus numbers are labelled, and the line lengths in miles are given in parenthesis. Matlab is utilized to implement the proposed methods. The estimation accuracy is measured by the percentage error as %Error = |ActualLocation − EsimationLocation| TotalLengthofFaultedLine × 100 (13) Figure 3 : Diagram of the studied system.
Fault location results by two-bus algorithm
For single-circuit line fault location study, the evolving fault is assumed to happen on the line between bus 4 and bus 6, and is labelled by dashed cross in Figure 3 . For double-circuit line fault location study, the evolving fault is imposed on the untransposed line between bus 9 and bus 10, and is denoted by solid cross in Figure 3 . An example case study will be demonstrated below, followed by the evaluation under various conditions. An AG fault occurs on the single-circuit line, 34. Now, the two-bus fault location algorithm developed in Section 2 is applied to estimate the fault location. The locus of estimated fault location versus time is drawn in Figure 5 . It can be observed that due to changing fault types and transients, the estimated fault location locus fluctuates at the beginning, and then levels off at 0.3 p.u. which is the actual fault location. The locus indicates a quick convergence of the proposed fault location method. It is noted that the same fault location method is applied without the need of fault type identification. For the purpose of evaluating the proposed algorithm's feasibility, different evolving faults under various conditions have been studied. Table 1 presents the representative conditions of the evolving faults on the single-circuit line and corresponding fault location results. In the table, the first two columns list the fault type information. The fault resistance values for the initial and secondary faults are given in column three and four. The fault location is the distance from bus 4 to the fault, and is presented in column five. The time intervals between the initial and secondary faults are given in column six, and they are chosen below three cycles. The percentage errors of estimations by using measurements from two buses are shown in the last three columns in Table 1 . The voltage measurements from buses 5&8 and 7&22 are considered as synchronised and the measurements from bus 12&24 are unsynchronised. The secondary faults may differ from the initial fault in terms of fault type or fault resistance or both. It can be observed that quite accurate fault location results are achieved, regardless of these changes. In Table 2 , columns 1-6 are initial fault type, secondary fault type, initial fault resistance, secondary fault resistance, actual fault location and the time interval between faults. It is seen that the developed algorithm works well with double-circuit lines. By using synchronised measurements from buses 7&12 and unsynchronised measurements from 15&22 and 19&26, accurate estimates are produced. 
Fault location results by one-bus algorithm
An example evolving fault is assumed to evolve from BG fault to ABCG fault 8 ms after the initial fault. The fault occurs on the double-circuit untransposed line between bus 9 and bus 10. The fault resistance is 5 ohms. Figure 6 depicts the voltage measurement from bus 11. The fault location estimation locus is drawn in Figure 7 . The estimation locus first oscillates around the red reference line that represents the actual fault location. Afterwards, the estimation locus and the reference line coincide with each other. In other words, quite accurate estimation is achieved quickly. Similarly, different evolving faults are utilized to validate the proposed method. The following section exhibits the percentage fault location errors for one-bus algorithm. Evolving faults happening on both singlecircuit and double-circuit lines are included in the study. Extensive fault conditions have been tested, and representative results are provided here.
In Table 3 and Table 4 , the columns 1-6 are the initial fault type, secondary fault type, initial fault resistance, secondary fault resistance, actual fault location, and the time interval. The other columns are the fault location estimation errors. It is shown that the proposed method has achieved quite accurate results. 
Discussion
The proposed fault location method uses voltage phasors to calculate the fault location. So accuracy of phasor estimation will affect the accuracy of fault location. This paper uses Fourier transform method to extract phasors. For improved accuracy, advanced phasor extraction method such as least squares based approach may be used to extract phasors [29] . This paper focuses on the fault location method and hence does not detail phasor extraction methods. However, impact of measurement noises or phasor estimation error on the proposed fault location method is examined below.
To simulate measurement noises, 1 % error is added to the voltage measurements and then the fault location method is applied. The fault location results are listed in Table 5 . It is shown that the fault location estimation is still quite accurate. It is also noted that since the proposed method is applicable regardless of the fault type, a fault location locus versus time can be achieved. Using the obtained fault location, other fault conditions including the fault type versus time can be further derived. Thus, we will have a better understanding of the faulted system, and be more confident about the obtained fault location than if we only have one single fault location obtained using the last cycle of the waveforms.
Conclusion
The fault phases in an evolving fault change during the fault. Fault location methods that depend on fault type information may give unreliable results if incorrect fault type is obtained. This paper presents a method to locate evolving faults that is applicable regardless of time varying fault conditions. Neither fault type information nor fault resistance is a prerequisite for this algorithm. By using sparse wide area measurements, quite accurate estimation can be obtained even when the measurements are not available from the terminals of the faulted lines. This method is applicable to both single-circuit and double-circuit lines, and fully considers the shunt capacitance of the transmission lines. Evaluation studies have demonstrated that the proposed methods yield quite accurate results.
Appendix
This section provides the model data of the studied 27-bus system. The per-unit system is based on a based voltage of 345kV and base volt-ampere of 100MVA. The transmission line data, generator data, and load data are listed in Table 6-Table 9 . In Table 6 , the first two columns are the two bus numbers for each branch. The per-unit positive-sequence resistance, positive-sequence reactance, positive-sequence susceptance, zero-sequence resistance, zero-sequence reactance, and zero-sequence susceptance for each branch excluding the untransposed double-circuit line are listed.
Since the transmission line between bus 9 and bus 10 is untransposed double-circuit lines, there are six modes involved to represent this line, and the modal values used to simulate such line is listed in Table 7 . In Table 8 , the first column represents the bus number that the generator is connected to. Columns 2-5 show the zero-sequence source resistance, zero-sequence source reactance, positive-sequence source resistance, and positive-sequence source reactance. In Table 9 , the first column represents the bus number that the load is connected to. The second column exhibits the equivalent load impedance in per unit.
